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7KHUPDO PDOOHDELOLW\ RI WKHUPRSODVWLFV UHVXOWV LQ D KLJK SURGXFW GLYHUVLW\ LQ YDULRXV LQGXVWU\ VHFWRUV +RZHYHU LQGXVWULDO
DSSOLFDWLRQV UHTXLUH D FRQVWDQWDQGKLJKFRPSRQHQWTXDOLW\+HQFHPDWHULDOSURFHVVLQJ VXFKDV ODVHUZHOGLQJKDV WR FRQVLGHU
WKDW HJ WKHPRLVWXUH FRQWHQW RI WKHUPRSODVWLFV LQIOXHQFHV WKHPHFKDQLFDO SURSHUWLHV VXFK DV WKH WHQVLOH VWUHQJWK0RUHRYHU
ZDWHU HYDSRUDWHV GXULQJ ODVHUZHOGLQJ DQG FDQ IRUP SRUHV DQG GHIHFWV 7KXV WKHUH LV D ODUJH QHHG IRU QRQLQYDVLYHPDWHULDO
LQVSHFWLRQ EHIRUH SURFHVVLQJ 7R WKDW HQG ZH GHYHORSHG D PHWKRGRORJ\ EDVHG RQ 5DPDQPLFURVFRS\ DQG PXOWLYDULDWH GDWD
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GLYHUVLW\ LV DFKLHYHGEHFDXVH RI WKHPDWHULDO SURSHUWLHV DQG VKDSH DUH DOPRVW WDLORUDEOH+RZHYHU WKHUH DUHYHU\
VSHFLILF UHTXLUHPHQWV WR WKH SURSHUWLHV IRU WKH YDULRXV DSSOLFDWLRQ DUHDV DQG DGGLWLRQDOO\ D FRQVWDQW DQG KLJK




TXDQWLILHGLQ6DHFKWOLQJ et al. DV03DZKLOH LW LV03DIRUVDWXUDWHG3$DW&DQG
UHODWLYHKXPLGLW\7KHSURSHUW\ WRDEVRUEPRLVWXUHFDOOHGK\JURVFRS\ LVGHVLJQDWHG WREH VLJQLILFDQWO\PRUH
GLVWLQFWIRUSRO\DPLGHVWKDQIRURWKHUWKHUPRSODVWLFV)XUWKHUPRUHZDWHULQWKHSRO\PHUVPDWUL[FDQEHHYDSRUL]HG
GXULQJODVHUZHOGLQJSURFHVVHVDQGDVFRQVHTXHQFHEXEEOHVSRUHVDQGGHIHFWVFDQEHIRUPHGDIIHFWLQJQHJDWLYHO\
WKH TXDOLW\ RI WKHZHOGLQJ VHDPV :LSSR et al.  ,Q SDUWLFXODU VXFK GHIHFWV FDXVH OHDFNDJH DQG DUH D ELJ





GLVWULEXWLRQV'XH WRERWK WKH LQFUHDVLQJQXPEHURISDUWV DQG WKHKLJKTXDOLW\ VWDQGDUGV WKHUH LV DQDULVLQJ ODUJH
QHHGIRUDOWHUQDWLYHPHWURORJLHVWKDWDUHDEOHWRFKDUDFWHUL]HWKHSURSHUWLHVRISRO\PHUVTXLFNDQGQRQLQYDVLYH$
ILUVWDSSURDFKZDVSUHVHQWHGE\&DPDFKR et al.ZKRLQWURGXFHGWKHPHDVXUHPHQWRIWKHPRLVWXUHFRQWHQWRI





2.1. Material preparation and experimental setup 
$VVDPSOHPDWHULDOSODWHVKDSHGSRO\DPLGH3$RIDSSUR[LPDWHO\[[PPZDVXVHG7KLVZLGHO\XVHG
SRO\PHUH[KLELWVDK\JURVFRS\WKDW LVVLJQLILFDQWO\PRUHGLVWLQFWFRPSDUHG WRRWKHUSRO\PHUV ,QLWLDOO\DOOSUREHV
ZHUHH[SRVHGWRDPELHQWKXPLGDLU)LUVWD.DUO)LVFKHUWLWUDWLRQZDVSHUIRUPHGWRREWDLQWKHPRLVWXUHFRQWHQWRI
WKHVHSDUWV7KHVDPSOHVZLWKKLJKHUPRLVWXUHFRQWHQWVZHUHSUHSDUHGE\VWRULQJ WKHPIRUGLIIHUHQW VWRUDJH WLPHV











5DPDQHIIHFW LV LQGXFHG RQ WKH VXUIDFH RU LQ WKH GHSWK RI WKH VDPSOH 6 7KH EDFN VFDWWHUHG UDGLDWLRQ UHG LV
FROOHFWHGDQGFROOLPDWHGE\ WKHREMHFWLYHDQGSURSDJDWHVEDFNZDUGV WKHVDPHSDWKDV WKH LQFLGHQW ODVHU UDGLDWLRQ
7KHGLFKURLFPLUURU'&LVWUDQVPLVVLYHIRUWKH5DPDQUDGLDWLRQDQGWKHEHDPLVFRXSOHGLQWRWKHILEHU)E\WKH
DFKURPDWLFOHQVH$&WREHIRUZDUGHGDQGSURFHVVHGWRWKHVSHFWURPHWHU63
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)LJ6HWXSRIWKH5DPDQPLFURVFRSHZLWKEHDPVKDSLQJRSWLFDOFRPSRQHQWVH[FLWDWLRQRIWKH5DPDQHIIHFWRQWKHVXUIDFHRULQWKHGHSWKRI
WKHVDPSOHDQGGHWHFWLRQRIWKHEDFNVFDWWHUHGUDGLDWLRQGHSWKVFDQPRYDEOH[\]VWDJHZLWKVDPSOHDQGREMHFWLYHVWDJHDQGREMHFWLYH
2.2. Multivariate data analysis 








VHW 7KH SURMHFWLRQ RI WKH RULJLQDO GDWD VHW RQWR WKH 3&V UHVXOWV LQ WKH VFRUHV (DFK VFRUH UHSUHVHQWV D FRPSOHWH
5DPDQVSHFWUXPRIWKHRULJLQDOGDWDVHWDVDGDWDSRLQWLQWKHQHZFRRUGLQDWHV\VWHP7KHFRUUHODWLRQRIWKHRULJLQDO
DQGWKHQHZFRRUGLQDWHV\VWHPVSDQQHGE\WKH3&VLVJLYHQE\WKHORDGLQJVZKLFKFRQVWLWXWHDVHWRISDUDPHWHUV
HYDOXDWLQJ WKH GDWD VHW UHJDUGLQJ WKH DPRXQW RI WKH VLJQDO YDULDQFH %RWK VFRUHV DQG ORDGLQJV IRUP D EDVLV WR
UHSURGXFH WKH RULJLQDO GDWD VHW 7KH PDWKHPDWLFDO WUDQVIRUPDWLRQ RI FRRUGLQDWHV UHSUHVHQWV WKH VROXWLRQ RI DQ
HLJHQYDOXHSUREOHPZKLFKLVDSRSXODUSURFHGXUHLQ OLQHDUDOJHEUD'DWDVFRUHVDQGORDGLQJVDUHHDFKZULWWHQDV
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$V DQ H[DPSOH WKH GDWD HYDOXDWLRQ DQG LQWHUSUHWDWLRQ LV VKRZQ IRU 5DPDQVFDQV RI WKH VXUIDFH RI WKH 3$
VDPSOHVVHHILJXUH±GHSWKVFDQ7KHUHVXOWVUHFHLYHGIURPWKHHYDOXDWLRQRIWKHGHSWKVFDQVDUHYHU\VLPLODUDQG
VXPPDUL]HGDWWKHHQGRIWKHUHVXOWVVHFWLRQ






WLPH 7KH UHVSHFWLYH DQG SUHSURFHVVHG 5DPDQVSHFWUD JDLQHG IURP WKH VXUIDFH RI WKH VDPSOHV DUH H[HPSODULO\
LOOXVWUDWHGLQILJXUH%IRUVWRUDJHWLPHVRIK7KHVSHFWUDOFXUYHKDVDQREYLRXVSHDNRFFXUULQJDW
FPZKLFKFDQEHDVVLJQHG WR WKHYDOHQFHYLEUDWLRQRI WKHDPLGHERQGVRI3$+HQGUD et al. 7KH
ZDWHU2+VWUHWFKLQJYLEUDWLRQVDUH DOORFDWHG LQ WKHEURDG VSHFWUDO UDQJHRIFP 6RFUDWHV $V
WKLV UDQJH LV RI SDUWLFXODU LPSRUWDQFH LW LV VKRZQ HQODUJHG LQ ILJXUH &7KHSORW LOOXVWUDWHV WKDW DORQJZLWK DQ
LQFUHDVLQJVWRUDJHWLPHLQWKHZDWHUEDWKWKXVZLWKDQLQFUHDVLQJPRLVWXUHFRQWHQWRI3$WKH5DPDQVLJQDORIWKH
2+VWUHWFK ULVHV7KHSORW VKRZV WKHKLJK VHQVLWLYLW\RI5DPDQVSHFWURVFRS\ IRUZDWHU DQG HVSHFLDOO\ IRUZDWHU
ZLWKLQWKH3$PDWUL[
 











3.2. Principle component analysis of the spectral range 3350-3750 cm-1 
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)LJ9DULDQFHRIVSHFWUDOGDWDH[SODLQHGE\3&3&DQG3&$ORDGLQJVRI3&ZLWKLQWKHVSHFWUDOUDQJHRIFP%VFRUHVRI
3&GHSHQGHQWRQWKHDPRXQWRIZDWHUDEVRUSWLRQZLWKOLQHDUILW&
3.3. Partial least squares regression of spectral range 3350-3750 cm-1 






VWHSE\ VWHSFRQVLGHULQJPRUH3/6FRPSRQHQWV7KH UHODWLYHGHFUHDVH VHUYHGDV FULWHULRQ IRU WKH VHOHFWLRQRI WKH
QXPEHU RI 3/6 FRPSRQHQWV:KHQ WKH DGGLWLRQRI DQ DGGLWLRQDO FRPSRQHQW OHG WR D UHODWLYH ± LQ UHODWLRQ WR WKH
RULJLQDOYDOXH±FKDQJHLQWKH506(3YDOXHEHORZLWZDVGHFLGHGWKDWWKHDGGLWLRQRIWKLVQHZFRPSRQHQWGLG
QRWUHVXOWLQDVLJQLILFDQWO\EHWWHUUHSUHVHQWDWLRQEXWUDWKHULQDQRYHUGHWHUPLQDWLRQRIWKHPRGHO,QDOPRVWDOOFDVHV











RI FU\VWDOOLQLW\ DQGPRLVWXUH FRQWHQW RYHU WKH VDPSOHV¶ FURVV VHFWLRQ 7KHPDUJLQDO DUHDV RI SRO\DPLGH  DUH RI
DPRUSKRXVVWUXFWXUHZKLOHWKHFRUHLVVHPLFU\VWDOOLQH$VWKHK\JURVFRS\LVGHSHQGHQWRQWKHFU\VWDOVWUXFWXUHWKLV
HIIHFW OHDGV WR WKHJUDGLHQWRIPRLVWXUHZLWKLQ WKHPDWHULDO¶VPDWUL[$VDFRQVHTXHQFH WKHGLIIHUHQWYDOXHV IRUD
VFDQ GHSWK RI PP FDQ DOVR EH H[SODLQHG E\ WKHVH JUDGLHQWV WKDW FRXOG KDYH WKHLU PD[LPXP YDOXH DURXQG
PPVFDQGHSWKDQGWKHUHE\FDXVHDVLJQLILFDQWFKDQJHRIWKH5DPDQVLJQDOV1HYHUWKOHVVWKH5YDOXHVKRZV
DQ DYHUDJH RI ZLWK D QHJOLJLEO\ VPDOO VWDQGDUG GHYLDWLRQRI  RYHU WKH VFDQ GHSWK HYHQ LQFOXGLQJ WKH
VXUIDFHXQFHUWDLQW\%HVLGHVWKH506(3YDOXHVGHFUHDVHZLWKLQFUHDVLQJVFDQGHSWKIURPVXUIDFHWRPPVFDQ
GHSWKZLWKWKHH[FHSWLRQRIWKHPPYDOXHWKDWLVGLVFXVVHGSUHYLRXVO\7KDWPHDQVLQWXUQWKDWWKHSUHGLFWLRQRI
WKHPRLVWXUHFRQWHQW IURP5DPDQVLJQDOVJDLQHG IURP WKHGHSWKRI WKHPDWHULDO LV OHVV HUURUSURQH WKDQ IURP WKH
VXUIDFH7KHGHFUHDVLQJVLJQDOWRQRLVHUDWLRZLWKVFDQGHSWKDIIHFWV WKHFDOLEUDWLRQPRGHOVIRUVFDQGHSWKV±
PPUHJDUGLQJWKH5DQG506(3YDOXHVJHWWLQJVOLJKWO\ZRUVH
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$GGLWLRQDOO\ WKHFDOLEUDWLRQPRGHOVZHUHYDOLGDWHGYLDNIROGFURVVYDOLGDWLRQPHWKRGZLWKN LQGLYLGXDO WHVW
VHWV7KH FDOFXODWHGPHDQ VTXDUH HUURURI FURVVYDOLGDWLRQ 06(&9ZKLFK HYDOXDWHV WKH FDOLEUDWLRQPRGHOZLWK
UHVSHFWWRWKHSUHGLFWLRQDSSOLFDELOLW\RIWKHPRGHOLVDOVRVKRZQIRUHDFKVFDQGHSWKLQWDEOH7KH06(&9YDOXHV
VKRZWKHVDPHFKDUDFWHULVWLFVRYHUWKHVFDQGHSWKDVGHVFULEHGSUHYLRXVO\IRU5DQG506(37KHDYHUDJH06(&9










VFDQGHSWKPP          
3/65PRGHO          
5          
506(3          
IROGFURVVYDOLGDWLRQ          
06(&9          
&RQFOXVLRQ
,Q WKLVSDSHUDPHWKRGRORJ\EDVHGRQ5DPDQPLFURVFRS\DQGPXOWLYDULDWHGDWDDQDO\VLVZDVSUHVHQWHG WKDW LV
DEOH WRSUHGLFW WKHPRLVWXUHFRQWHQWRISRO\DPLGHE\PHDQVRIDPXOWLYDULDWHFDOLEUDWLRQPRGHOZLWKDQDYHUDJH




FURVV VHFWLRQ RQ WKH 5DPDQVSHFWUD DORQJ ZLWK GHSHQGHQFH RI ZDWHU DEVRUSWLRQ RQ WKH FULVWDOOLQLW\ LV QRW \HW
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 LQ D UDSLG DQG QRQGHVWUXFWLYH PDQQHU $GGLWLRQDOO\ VLQFH 5DPDQPHDVXUHPHQWV DUH VHQVLWLYH IRU VWUXFWXUDO
FKDQJHVDWWKHPROHFXODUOHYHODPHDVXUHPHQWFRXOGUHYHDOVHYHUDOPDWHULDOSURSHUWLHVVLPXOWDQHRXVO\)RULQVWDQFH
WKH GHWHUPLQDWLRQ RI WKH PRLVWXUH FRQWHQW FRQFXUUHQWO\ ZLWK WKH FU\VWDOOLQLW\ DQG WKH FRPSRVLWLRQ RI D SRO\PHU
FRPSRVLWH ZRXOG EH D SRZHUIXO WRRO IRUPDWHULDO SURFHVVLQJ SXUSRVHV ,Q VXPPDU\ LW VKRZV ODUJH SRWHQWLDO IRU
LQVSHFWLRQDQGTXDOLW\FRQWURORISRO\PHUVEHIRUHSURFHVVLQJ(VSHFLDOO\ZLWKWKHPHWKRGRORJ\SUHVHQWHGLWVHHPV
IHDVLEOH WR GHYHORS DPHDVXULQJ GHYLFH WR TXDQWLI\ WKHPRLVWXUH FRQWHQW RI SRO\DPLGH ZLWK WKH DGYDQWDJH WKDW
DQRWKHU DQDO\VLV FRXOG EH SHUIRUPHG LPPHGLDWHO\ DQG HYDOXDWHGZLWK WKH NQRZOHGJH DERXW WKHPRLVWXUH FRQWHQW
0RUHRYHU<RXQJ¶VPRGXOXVFRXOGEHHVWLPDWHGIURPWKHPRLVWXUHFRQWHQW
$FNQRZOHGJHPHQWV






&DPDFKR : 9DOOpV/OXFK $ 5LEHV*UHXV $ 	 .DUOVVRQ 6  'HWHUPLQDWLRQ RI PRLVWXUH FRQWHQW LQ Q\ORQ  E\ QHDULQIUDUHG
VSHFWURVFRS\DQGFKHPRPHWULFVJournal of Applied Polymer Science, 87GRLDSS
+HQGUD3-:DWVRQ'6&XGE\0($:LOOLV+$	+ROOLGD\37KHODVHU5DPDQVSHFWUDRIVRPHQ\ORQVJournal of the 
ChHPLFDO6RFLHW\'&KHPLFDO&RPPXQLFDWLRQVGRL&
.HVVOHU:D+DXSWNRPSRQHQWHQDQDO\VH0XOWLYDULDWH'DWHQDQDO\VHSS:LOH\9&+9HUODJ*PE+	&R.*D$
.HVVOHU:E.DOLEULHUHQ9DOLGLHUHQ9RUKHUVDJHQ0XOWLYDULDWH'DWHQDQDO\VHSS:LOH\9&+9HUODJ*PE+	&R.*D$
.HVVOHU:F0XOWLYDULDWH5HJUHVVLRQVPHWKRGHQ0XOWLYDULDWH'DWHQDQDO\VHSS:LOH\9&+9HUODJ*PE+	&R.*D$
5HLG9	7XUQHU/7KHGHWHUPLQDWLRQRIZDWHULQSODVWLFPDWHULDOV$QDO\VW
6DHFKWOLQJ+%DXU(%ULQNPDQQ62VVZDOG7$5XGROSK1	6FKPDFKWHQEHUJ(6DHFKWOLQJ.XQVWVWRII7DVFKHQEXFK&DUO
+DQVHU9HUODJ*PE+	&RPSDQ\.*
6RFUDWHV*,QIUDUHGDQG5DPDQFKDUDFWHULVWLFJURXSIUHTXHQFLHVWDEOHVDQGFKDUWV-RKQ:LOH\	6RQV
:LSSR9-DHVFKNH36XWWPDQQ2	2YHUPH\HU/7KHLQIOXHQFHRIPRLVWXUHFRQWHQWRQWKHZHOGVHDPTXDOLW\IRUODVHUZHOGHG
WKHUPoplastic composites3DSHUSUHVHQWHGDWWKHWK,QWHUQDWLRQDO&RQIHUHQFHRQ&RPSRVLWH0DWHULDOV&RSHQKDJHQ

